ABSTRACT The ODS rat (genotype od/od), which has a hereditary defect in ascorbic acid biosynthesis, was used to investigate the effects of ascorbic acid deficiency on the hepatic gene expression of both the positive acute phase proteins, haptoglobin and a 1 -acid glycoprotein, and the negative acute phase proteins, apolipoprotein A-I and albumin. Male ODS rats (6 wk old, body weight Ç140 g) were fed a basal diet containing ascorbic acid (300 mg/kg diet) or a diet without ascorbic acid for 14 d. Ascorbic acid deficiency significantly elevated the serum concentration of haptoglobin and significantly lowered those of apolipoprotein A-I and albumin. The hepatic mRNA levels of haptoglobin and a 1 -acid glycoprotein in the ascorbic acid-deficient rats were significantly elevated on d 12, and reached 260 (P õ 0.05) and 360% (P õ 0.01) of respective values in the control rats on d 14. On the contrary, the hepatic mRNA levels of apolipoprotein A-I and albumin in the ascorbic acid-deficient rats were lowered to 68 (P õ 0.01) and 71% (P õ 0.05) of respective values in the control rats on d 14. Although ascorbic acid deficiency significantly elevated the serum corticosterone concentration on d 14, the changes in mRNA levels of haptoglobin, a 1 -acid glycoprotein, apolipoprotein A-I and albumin due to ascorbic acid deficiency were not affected by adrenalectomy, as assessed in a separate experiment. The serum concentration of interleukin-6, an inflammatory cytokine that stimulates gene expression of some acute phase proteins, was significantly higher in the ascorbic acid-deficient rats on d 14 than in the control rats. These results suggest that ascorbic acid deficiency causes physiologic changes similar to those that occur in the acute phase response. J. Nutr. 128: 832-838, 1998.
The ODS rat (genotype od/od) with a hereditary defect al. (1986) reported that in mice the Apo A-I mRNA level in liver was reduced by the injection of lipopolysaccharide in ascorbic acid biosynthesis (Konishi et al. 1990 ) is a useful (LPS), which causes inflammatory responses and changes model for investigating the physiologic role of ascorbic acid.
the hepatic gene expression of acute phase proteins. This rat cannot synthesize ascorbic acid because of the lack Schreiber et al. (1986) reported that the injection of turpenof L-gulono-g-lactone oxidase (EC 1.1.3.8), which catalyzes tine, which causes acute inflammation, lowered the hepatic the terminal step of ascorbic acid biosynthesis (Kawai et al. mRNA level of a 2u -globulin in rats. From these observa-1992). We recently surveyed serum proteins, whose concentions, we hypothesized that ascorbic acid deficiency might trations are influenced by the ingestion of ascorbic acid in lower the hepatic mRNA levels of Apo A-I, and a 2u -globu-ODS rats, and reported that ascorbic acid deficiency lowered lin, as seen in acute inflammation. the serum apolipoprotein A-I (Apo A-I) 5 concentration The serum concentration of ascorbic acid is decreased through lowering its mRNA level in liver (Ikeda et al. in patients with inflammatory diseases such as rheumatoid 1996). We also observed that the serum concentration and arthritis (Lunec and Blake 1985, Oberritter et al. 1986 ) hepatic mRNA level of a 2u -globulin (Ikeda et al. 1997) were and bronchial asthma (Olusi et al. 1979) . Yamaguchi et al. lowered by ascorbic acid deficiency in ODS rats. Lowell et (1995) reported that LPS treatment lowered the ascorbic acid concentration in serum, liver and spleen of ODS rats.
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a 1 -acid glycoprotein (AGP) and interleukin-6 (IL-6). AGP 2 The costs of publication of this article were defrayed in part by the payment is one of the acute phase proteins, and IL-6 is a major in- In this study, using ODS rats, we tried to determine Millipore, Tokyo, Japan). The filters were blocked for 1.5 h with PBS whether ascorbic acid deficiency changes the gene exprescontaining 30 g/L skim milk powder and incubated for 1.5 h with sions of the positive and negative acute phase proteins in either goat anti-human haptoglobin antiserum (Cappel Product, Orliver as does acute phase inflammation. We also examined ganon Teknika, Durham, NC) or rabbit anti-rat Apo A-I antiserum the effects of ascorbic acid deficiency on the serum concen- (Ikeda et al. 1996) , which had been diluted 1:500 with PBS containing 0.5 g/L Tween-20 and 10 g/L skim milk powder. The filter trations of corticosterone, a major glucocorticoid in rats, was then washed twice with PBS containing 0.5 g/L Tween-20 and and IL-6.
incubated for 1.5 h with either peroxidase-conjugated sheep antigoat immunoglobulin G antibody or peroxidase-conjugated goat anti-
MATERIALS AND METHODS
rabbit immunoglobulin G antibody. The filter was washed twice with PBS and autographed with the ECL Western blotting detection sysAnimals and diets. Male ODS (od/od) rats, 5 wk of age, were tem (Amersham, Tokyo, Japan). Quantification of each protein on purchased from Japan Clea (Tokyo, Japan). They were housed in the band was performed with the densitometer. individual wire screen-bottomed cages in the animal colony of NaFor the detection of albumin, serum (0.01 mL) was subjected to goya University and maintained at 24ЊC with a 12-h light cycle SDS-PAGE on a 10 g/L acrylamide-gel and the proteins in the gel (lights on from 0800 to 2000 h). Rats were allowed free access to were transferred onto the polyvinylidene difluoride membranes as water and a purified diet. Composition of the basal diet is shown in described above. The filters were blocked for 1.5 h with PBS con- Table 1 . The dietary addition of 300 mg of ascorbic acid/kg diet is taining 30 g/L skim milk powder, and incubated for 1.5 h with peroxisufficient for maximum growth and prevents the development of dase conjugated anti-rat albumin polyclonal antibody (The Binding scurvy in ODS rats (Horio et al. 1985) . All rats were fed the basal Site, Birmingham, UK), which had been diluted 1:1000 with PBS diet for 7 d before the start of the experiment and then the experimencontaining 0.5 g/L Tween-20 and 10 g/L skim milk powder. The filter tal diet from d 1 through 14. In this experiment, rats were killed was then washed twice with PBS containing 0.5 g/L Tween-20 and by decapitation between 1000 and 1100 h, and all procedures were autographed with the ECL Western blotting detection system (Amerperformed in accordance with the Animal Experimentation Guides sham). Quantification of each protein on the band was performed of Nagoya University.
with the densitometer. Experimental procedures. During the experimental period, rats
For the quantification of each protein, we had determined the were fed the basal diet containing 300 mg ascorbic acid/kg diet (conquantitative range in which the intensity of the band was proportional trol group) or the diet without ascorbic acid (ascorbic acid-deficient to the volume of serum loaded as follows: haptoglobin, 0.01-0.5 mL; group). Four rats from each group were killed on the morning of d 7, 10, 12 and 14 after the start of experiment. The food intake of Apo A-I, 0.01-0.2 mL; albumin, 0.005-0.02 mL. In each analysis, the band detected was single and no band was detected with nonimd 7, 10, 12 and 14, the final body weight and the liver mune serum of rabbit.
weight did not differ in the control and ascorbic acid -defiNorthern blot analysis. Total RNA were extracted from liver cient groups (Table 2) . No signs of scurvy were observed in and other tissues by the method of Chomczynski and Sacchi (1987) any rats of the ascorbic acid -deficient group during the and subjected to Northern blot analysis. Twenty micrograms of the course of the experiment. Throughout the experiment, the (Fig. 1) ascorbic acid-deficient group on d 14 were 400 and 460%, The two primers (each 0.1 mmol) were added to a standard polymerase chain reaction mixture (final volume, 100 mL) containing the syntherespectively, of those in the control group. sized cDNA as template. The major reaction product (630 bp) was Body weight, liver weight, hepatic ascorbic acid concenisolated and its DNA sequence was determined by the dideoxy chaintration and serum corticosterone concentration of adrenalecterminating method (Sanger et al. 1977 ).
tomized and sham-operated rats. The initial body weight of
The cDNA clone for rat haptoglobin (Marinkovic and Baumann the adrenalectomized rats was lower than that of the sham-1990) was purchased from American Type Culture Collection (Rockoperated rats (Table 3) . No signs of scurvy were observed ville, MD). cDNA clones for rat Apo A-I (Haddad et al. 1986 ), rat in any rats of the ascorbic acid-deficient group during the Apo E (McLean et al. 1983 ) and rat albumin (Iwatsuki et al. 1987) experiment, and the final body weight of rats was not affected were kindly provided by S. Kato of Tokyo University, J. M. Taylor by either ascorbic acid deficiency or adrenalectomy. In both of Gladstone Foundation Laboratories (San Francisco, CA) and K. Nakamura of Nagoya University, respectively. the sham-operated and the adrenalectomized rats, the hepatic groups was significantly lower than that in the respective conwere compared using Student's t test when variances of each group trol group. Adrenalectomy did not affect the hepatic ascorbic were equal. When variances of each group were unequal, significance acid concentration. Although the serum corticosterone conof differences was determined using Welch's test (Aspin 1949, Trick- centrations of sham-operated and adrenalectomized rats were ett et al. 1956 ). Differences with a P-value õ 0.05 were regarded as not significantly different by post hoc test, no adrenal glands significant. In the experiment to examine the effect of adrenalectomy were found in any adrenalectomized rats when they were killed on the changes in the hepatic mRNA levels by ascorbic acid defion d 15.
ciency, data were analyzed by a two-way ANOVA. The significance of F-values for ascorbic acid deficiency effect and adrenalectomy effect Hepatic mRNA levels of haptoglobin, a1-acid glycoproas well as interaction effect of the two components (ascorbic acid tein, apolipoprotein A-I and albumin of sham-operated and deficiency 1 adrenalectomy) is shown in each table and figure. When adrenalectomized rats fed control or ascorbic acid-deficient the F-value was significant (P õ 0.05), the mean value of each group diets. Adrenalectomy did not affect the hepatic level of was compared using Student's t test or Welch's test (Aspin 1949, haptoglobin mRNA (Fig. 4) . In both the sham-operated Trickett et al. 1956 ).
and adrenalectomized rats, the haptoglobin mRNA levels in the ascorbic acid -deficient groups were significantly higher RESULTS than those in the respective control groups. The hepatic level of AGP mRNA was lowered by adrenalectomy, and Body weight, liver weight and hepatic ascorbic acid concentration of control and ascorbic acid -deficient rats. On in the sham-operated rats, the AGP mRNA level in the / 4w38$$4069 04-09-98 01:47:40 nutra LP: J Nut May Values are means { SEM, n Å 4. From d 12 to 14, the control group was pair-fed the amount consumed by the ascorbic acid-deficient group. Means that are significantly different from controls are denoted: *P õ 0.001, t test; # P õ 0.001, Welch's test.
ascorbic acid -deficient group was significantly higher than and Apo A-I and albumin are negative acute phase proteins. We previously reported that ascorbic acid deficiency lowered that in the control group. In the adrenalectomized rats, the AGP mRNA level in the ascorbic acid -deficient group the serum concentration of Apo A-I through lowering its mRNA level in liver (Ikeda et al. 1996) . We found in this tended to be greater (P Å 0.053) than in the control group. The hepatic level of Apo A-I mRNA was elevated by adrestudy that ascorbic acid deficiency elevated the serum haptoglobin concentration and lowered those of Apo A-I and nalectomy, and in the sham-operated rats, the level in the ascorbic acid -deficient group was significantly lower than albumin. The changes in serum concentrations of these proteins coincided with changes in their hepatic mRNA levels. that in the control group. Adrenalectomy did not affect the hepatic level of albumin mRNA. Ascorbic acid deficiency AGP is also one of the major positive acute phase proteins synthesized in liver and its gene expression is controlled had a significant effect on the albumin mRNA level but post hoc testing did not identify significantly different means.
in the same way as the haptoglobin gene. Ascorbic acid deficiency elevated its mRNA level in liver. It has been reported that the injection of the inflammatory agents, LPS DISCUSSION or turpentine, to mice or rats elevated the haptoglobin and AGP mRNA levels and reduced the Apo A-I and albumin In this study, the hepatic concentration of ascorbic acid mRNA levels in liver (Lowell et al. 1986, Schreiber et al. was significantly lower in ODS rats fed the ascorbic acidfree diet than that in the control rats fed the ascorbic acidcontaining diet from d 7 to 14. No differences in body weight or relative liver weight were observed.
Haptoglobin is one of the positive acute phase proteins, acid effect (P õ 0.05) and adrenalectomy effect (P õ 0.01); Albumin 1978). We also observed that ascorbic acid deficiency inmRNA, ascorbic acid effect (P õ 0.01). Means that are significantly duced the expression of heme oxygenase-1 gene in liver of different from controls are denoted: *P õ 0.05, t test; **P õ 0.01, ODS rats (unpublished data). In this study, we demonstrated t test; ***P õ 0.001, t -test. Means that are significantly different from that ascorbic acid deficiency elevated the serum IL-6 consham-operated rats are denoted: $ P õ 0.05, t test; $$ P õ 0.01, t test; $$$ P õ 0.001, t test. centration in ODS rats. However, the mechanisms responsi- 
